ABSTRACT
INTRODUCTION
One drastic event in the field of investigations on freak waves is the so called "New Year Wave", recorded in the North Sea at the Draupner jacket platform on January 1st, 1995 [1] . But there are many other observations, in registrations or by dangerous encounters, which confirm that freak waves are reality. Freak waves are reported from the Japanese Sea [2] , the Norwegian Frigg field [3] , from the Danish Gorm field [4] , in the North Cormoran field [5] as well as in the hurricane Camille [6] . In addition there are reports from cruise vessels encountering freak waves, such as Bremen (February 2001) [7] , Voyager (February 2005) and Norwegian Dawn (April 2005) . Investigations on the statistical properties of abnormal waves are presented by Guedes Soares et al. [5] . Furthermore Wolfram et al. [8] analyzed storm data recorded from 1994 to 1998 at North Alwyn. Also the impact on offshore structures is under investigation. Gorf et al. [9] investigated the bow damage of an FPSO in steep waves, which illustrate that wave steepness is an important parameter. Clauss et al. [10] , [11] presented comprehensive studies of the vertical bending moments of a FPSO due rogue wave impacts comparing numerical simulations and seakeeping model tests. It is shown that the generation of deterministic wave sequences including rogue waves is a critical prerequisite for the analysis of ship behaviour and ship structure effects in rogue waves. The realization of freak waves in deterministic seakeeping tests has been introduced by Kühnlein et al. [12] and refined by Clauss et al. [13] by taking nonlinear wave-wave interaction into account. An optimization approach for the generation of user-defined freak waves embedded in irregular sea states is introduced by Clauss and Schmittner [14] . The occurrence of extreme waves, their characteristics and their impact on offshore structures as well as their formation process is still under discussion. Since there is only a single point registration available it is not possible to draw conclusions on the spatial development in front of and behind the measurement point which would be indispensable for a complete understanding of this phenomenon. Buchner et al. [15] investigated the spatial development of an extreme wave at different positions in a model basin. Inspired by this approach this paper presents a spatial development of the "New Year Wave" generated in a model basin (L=120 m, W=8 m, d=1 m, scale 1:70). The surface elevation of the extreme sea state is measured at successive locations along the tank, in a range from 2163 m (full scale) ahead to 1470 m behind the target position -altogether at 520 locations. The next section illustrates the procedure of generating irregular wave trains which contains the extreme New Year wave. Then the experimental setup and the results of the extensive measurements are presented. Finally the results of the WAVE FORE-CAST METHOD [16] are presented, which provides a prediction of the wave train a few minutes in advance from a single surface elevation snap shot.
Generation of the New Year Wave
For the investigation of the spatial development of an extreme sea state, the "New Year Wave", recorded at the Draupner platform in the North Sea on January 1 st , 1995 [1] , is chosen. This giant single wave (H max = 25.63 m) with a crest height of ζ c = 18.5 m occurred in a surrounding sea state characterized by a significant wave height of H s = 11.92 m (H max /H s = 2.15). The water depth at the location is d = 70m. To transfer the recorded wave into the wave tank the optimization approach for the experimental generation of tailored wave sequences with defined characteristics according to Clauss and Schmittner [14] is used. The method is applied to generate scenarios with a single high wave superimposed to irregular seas. At the beginning of the optimization process, all target parameters for the rogue wave and the surrounding sea state have to be defined. Special emphasis is laid on the exact reproduction of the wave height, crest height, wave period as well as of the vertical and horizontal asymmetry of the target wave. At first, an irregular sea state according to the given energy spectrum with random phase distribution is generated. By systematic variation of the respective phase spectrum, the requested wave contour is generated at a predefined position in the tank in time domain. At the end of the first optimization step, a preliminary control signal for the wave generator is produced. This control signal is based on linear theoryhence nonlinear effects such as wave/wave interaction and wave breaking are neglected. Therefore, the registration of the wave sequence generated by the first control signal differs from the defined target parameters -due to nonlinear effects. To improve the control signal, the experimental optimization routine operates iteratively until the target parameters are satisfied. The adaption of the wave train is achieved by applying the Subplex optimization method [17] . Since the values of the target function are determined from the nonlinear wave tank experiment, nonlinear free surface effects are included in the adaption procedure, resulting in a self-validating process. 
Experimental Setup
The wave measurements are conducted in the seakeeping basin (length L = 110 m, breadth W = 8 m, water depth d = 1 m) of the Technical University Berlin at model scale 1 : 70. The spatial development of the "New Year Wave" is measured in a range from 2163 m (full scale) ahead to 1470 m behind the target position by a total of 520 measurements. Thirteen wave gauges have been installed on the towing carriage at an interval of 0.2 m and the wave tank has been subdivided into 20 measurement sections. To achieve a resolution of ∆x = 0.1 m, two measurements per area are carried out -at position x and x + ∆x, respectively. Figure 2 shows the experimental setup schematically, with a side view on the setup (top) describing the measurement order as well as a top view on the arrangement of the wave gauges installed on the towing carriage (bottom). 
Results
Figure 3 presents the surface elevations measured in the wave tank for selected time steps (full scale). Surprisingly, the analysis of the registrations reveales freak waves occurring at three different positions in the wave tank. These freak waves are marked light blue, green and black in Fig. 3 . The red curve shows the snapshot of the New Year Wave at target time in the wave tank. Note that the observed freak waves develop from a wave group of three waves (circles in Fig. 3 (top) ), which travels with constant speed along the wave tank up to the target position. The diagram below shows the wave group at the moment of occurrence of the freak waves in detail. Figure 4 illustrates the progress of the wave heights along the wave tank and the propagation velocity of the three waves. The top diagram shows the ratio of the wave height of the three waves to the significant wave height of the surrounding sea state. Here, the occurrence of the three freak waves is clearly identifiable. The first wave reaches its maximum height at 2110 m , the second at 2624 m and the target wave at 3213 m distance from the wave maker. The distance between the maximum wave heights of the three waves along the wave tank remains nearly constant (514 m between wave 1 and wave 2, 589 m between wave 2 and target wave). Note that the two waves in front of the wave group are temporarily high waves as well, H W 1 = 19.6 m and H W 2 = 23.1 m (W 2 in the top diagram), respectively. The distance between the locations of occurrence of the maximum wave height for these two waves and the locations of maximum wave height of the following freak waves are also nearly constant (≈ 500 m). It seems that the first freak wave develops from wave components of the two waves in front of the wave group. Due to the nearly constant propagation of the three waves in the wave group the following freak waves seem to develop from these wave components as well. In the following, the three occurring freak waves are investigated in detail. All three freak waves show the same genesis of their extreme heights: the wave height increases continuously over a range of 550 m˜630 m. In addition, the extreme wave heights (H/H s > 2) propagate over a wide range (280 m˜360 m) as well, where the extreme wave height (H/H s > 2) of the target wave propagate the shortest distance. This is due to the fact that the "New Year Wave", in contrast to the first two freak waves, breaks behind the target location. The middle diagram presents the ratio between the wave crest heights and the significant wave height. The diagram below shows the coherence of the time and on-site occurrence of the three wave crests along the wave tank. Furthermore, the diagram reveals that the wave crests propagate nearly in parallel and constantly through the wave tank. The linear regression of the set of points results in the effective velocities of the three wave crests C 1 = 21.34 m/s, C 2 = 21.42 m/s and C target = 21.31 m/s. In summary, Fig. 4 shows that all three freak waves feature almost identical characteristics (see Tab. 1). Based on these observations, an average velocity of the periodically occurring high wave can be calculated. The position and time of occurrence of the maximum wave height for each wave is compared to calculate the average velocity of the visible freak wave (see dotted line in Fig. 3 ). As expected, due to the periodic occurrence and the nearly constant wave velocities, the average velocity is nearly constant between the three locations of occurrence as well. The average velocity of the freak wave C f reak ≈ 13 m/s is almost half of the crest velocities of the three waves. Now, the mean velocity of energy propagation is investigated. Therefore the centroid c med (t, x) of the mean energy distribution E,
with
is calculated for the registrations in time domain at each location. Figure 5 illustrates the progress of the centroid c med (t, x) of the mean energy distribution for each registration along the wave tank. Furthermore, the diagram reveals that the centroid of the mean energy distribution propagates nearly in parallel and constantly through the wave tank. The linear regression of the set of points results in the mean velocity of energy propagation of the sea state C E = 11.73 m/s. Figure 6 presents the crest front steepness ε of the three waves during their development along the wave tank as defined by Kjeldsen [18] (Fig. 6 (bottom) ),
Typically wave breaking occurs within a range of ε = 0.32...0.78, where the highest values are associated with plunging breakers [19] . The top diagram shows the development of the crest front steepness of the first wave, whereas the same is shown for the second and the target wave (third diagram), respectively. Note that the time axis of the diagram is different for all three waves. The development of the crest front steepness of the target wave can be divided into three sections. In the first section, the crest front steepness is low in the beginning and remains almost constant before it increases rapidly at t ≈ 830s and then remains almost constant again over a wide range. In the first section, the crest front steepness coefficient is lower than ε = 0.32, and consequently lies within the non-breaking domain. In the second section, the crest front steepness coefficient rapidly increases until target time and location are reached, where the wave height and horizontal asymmetry of the target wave increases as well. At target time and location, the maximum crest front steepness reaches its maximum value ε = 0.49. In the third section of the diagram (after the target location), the crest front steepness rapidly decreases with further propagation. Wave 1 and Wave 2 reach their maximum values for the crest front steepness (ε 1 = 0.37 and ε 2 = 0.4) in coincidence with the occurrence of the maximum wave height and horizontal asymmetry as well. All three waves reach crest front steepness values, which are within the breaking wave domain proposed by Kjeldsen [18] . In contrast to the Target Wave, the crest front steepness values for Wave 1 and Wave 2 are moderate. This corresponds to observations during the measurements, where the Target Wave is breaking as a plunging breaker after the target location, whereas Wave 1 and Wave 2 were identified as waves with white crests. The bottom diagram in Fig. 6 shows snap shots of the target wave for different time steps. Here, the increase of the crest front steepness is clearly identifiable, since the crest height η ′ increases and the length L ′ decreases.
In Fig. 7 , the wave spectrum of the originally measured "New Year Wave" is compared to the wave spectra measured in the wave tank at different locations, the locations of occurrence of the three freak waves. All spectra are compared to a PiersonMoskovitz-Spectrum (P-M-Spectrum)) of H s = 11.92 m and T 0 = 10.8 s. The agreement between the P-M-Spectrum and the measured wave spectra as well as between the measured wave spectra among each other is quite good, since the measured wave spectra show the same characteristics over a wide range. 
Wave Forecast Method
As the surface elevation of the surrounding sea advancing to the freak events is known, the Wave Forecast Method can be applied. This method, published by Clauss et al. [16] , provides a prediction of the wave train a ship or a fixed structure will encounter from surface elevation snap shots of the surrounding sea a few minutes in advance. These snap shots can be derived from a wave radar e. g. WaMoS II developed by the OceanWaveS company [20] . The method is based on linear wave theory. Timedependent surface elevation snap shots within a range of up to 3000 m ahead of the ship are transferred into frequency domain by the use of Fast Fourier Transformation (FFT). The resulting complex Fourier spectrum given over the inverse wave length 1/L is converted into an amplitude spectrum and a phase spectrum. After calculating the corresponding wave numbers, wave spectra with respect to the circular frequency ω are computed. By shifting the phase spectrum to the target position and by superimposing all harmonic wave components, the encountering waves can be calculated in advance. The Wave Forecast Method has been validated for severe seas. Now the capability of predicting of extreme wave heights is analyzed for the case of the freak events generated in the wave tank. As the range ahead of the first freak wave is very short, only wave 2 and the New Year Wave are analyzed. Figure 8 shows the snap shot of the surface elevation ahead of the target position of wave 2 (x = 2624 m) at t = 736 s, (top) and the corresponding wave spectrum calculated by Wave Forecast (bottom). This snap shot is used as input to calculate the wave sequence at the target position of wave 2 (x = 2624 m) in advance. Again, the measured wave sequence is compared to the precalculated wave train at target position in Figure 11 . Measurement and calculation show good agreement both for wave heights and for phases. Note that the shape of the calculated freak wave still differs from the original. This is not surprising since non-linear effects and wave breaking are not taken into account. However, the method predicts a freak event at target time, and the downcrossing wave height is H max = 26.95 m, with H max /H s = 2.25. 
Conclusions
This paper presents a comprehensive study of the spatial evolution of an extreme sea state with an embedded rogue wave. The "New Year Wave", recorded at the Draupner platform in the North Sea on January 1 st , 1995 [1] , has been generated in the wave tank at scale 1:70 and is measured at different locations in the tank, in a range from 2163 m (full scale) ahead of to 1470 m behind the target position. Surprisingly, the analysis of the registrations revealed freak waves occurring at three different positions in the wave tank. It is shown that the three observed freak waves emerge from a wave group, which propagates nearly constantly along the wave tank. The two waves in front of the wave group are quite high waves as well (H = 19.6 m and 23.1 m, respectively). The distance between the locations of occurrence of the maximum wave height for these two waves and the locations of maximum wave height of the following freak waves are nearly constant (≈ 500 m). It seems that the first freak wave develops from wave components of the two waves in front of the wave group. Due to the nearly constant propagation of the three waves in the wave group the following freak waves develops from these wave components. The investigation of crest front steepness yields that all three occurred freak waves are within the breaking wave domain proposed by Kjeldsen [18] . The Wave Forecast Method has been applied to predict the appearance of freak waves generated in the wave tank. The investigation confirms that the method delivers a good prediction of the developing wave train from a single surface elevation snap shot even in harsh seas. In both cases measurement and calculation show good agreement.
